Objective: To evaluate the impact of different peak GH cut-off limits after GHRH-Arg test, IGF1 measurement, or their combination in identifying patients with GH deficit (GHD). Design and patients: Totally, 894 normal subjects (used for determining IGF1 normative limits) and 302 patients with suspected GHD were included. Different peak GH cut-off limits (used by European (depending on body mass index (BMI)) or North American (4.1 mg/l) Endocrine Societies, by HypoCCs (2.5 mg/l), or with 95% specificity (based on BMI), Method 1, 2, 3, or 4 respectively) and IGF1 were considered. Methods: Peak GH after GHRH-Arg and IGF1. Results: Different peak GH cut-off limits recognized different proportions of GHD (range, 24.8-62.9%). Methods 1 and 2 with high sensitivity recognized a higher proportion (95.5 and 92.5% respectively) of GHD among patients with three (T) pituitary hormone deficits (HD), whereas Method 4 (with high specificity) identified 96.7% normal subjects among those without pituitary HD; on the contrary, Method 4 identified only 75% GHD among patients with THD, whereas Method 1 recognized a high proportion (40%) of GHD among subjects without HD. Of the total patients, 82% with THD and 84.5% without HD were recognized as GHD or normal respectively by IGF1. Among the remaining patients with THD and normal IGF1, 75% was recognized as GHD by Method 1; among patients without HD and abnormal IGF1, 87.5% was identified as normal by Method 4. Overall, combination of IGF1 and Method 1 or Method 4 identified 95.5% GHD among patients with THD and 98.1% normal subjects among those without HD. Conclusions: Single peak GH cut-offs have limits to sharply differentiate GHD from normal subjects; IGF1 may be used for selecting patients to be submitted to the GHRH-Arg test; the peak GH cut-off limits to be used for identifying healthy or diseased patients depend mainly on the clinical context.
Introduction
Diagnosis of GH deficiency (GHD) is currently based on the demonstration of impaired GH secretion under stimulatory tests (1) (2) (3) (4) (5) (6) (7) (8) . GHRH associated with arginine (GHRH-Arg) is the most used test so far (1, 2, (4) (5) (6) (7) (8) ; it is considered equivalent to the insulin tolerance test but without uncomfortable side effects or harmful complications (5, 6) . However, which peak GH cut-off limits after GHRH-Arg test should be used for identifying GHD patients is still a matter of argument; in fact, the Endocrine Society has adopted a 4.1 mg/l peak GH (6) , whereas the GH Research Society in association with other Medical Societies, including the European Society of Endocrinology (2, 7), suggests peak GH cut-off limits ranging from 4.2 to 11.5 mg/l based on body mass index (BMI) (9) . In addition, either a peak GH !3 mg/l, or !2.5 mg/l, has been suggested for diagnosing GHD when different stimulatory tests or different methods for measuring GH were used (10) (11) (12) .
Although high or very low serum IGF1 concentrations almost invariably identify acromegalic or GHD patients respectively (5, 10, 13, 14) , normal values are considered not sufficient to exclude the diagnosis of adult GHD (5) ; reasons for this discrepancy may be due to age, genetics, nutritional status, diseases, and the lack of accurate normative values for IGF1; owing to those findings, IGF1 was found to have 40% sensitivity in a study (15) , being considered not always suitable for an appropriate diagnosis of GHD (5) .
The objective of this study was to evaluate the role of different peak GH cut-off limits after GHRH-Arg stimulatory test, a single IGF1 measurement or their combination in identifying adult patients with GHD.
Subjects and methods

Study population
All patients and controls were evaluated at the Department of Endocrinology at the University of Pisa.
Healthy subjects Totally, 849 consecutive healthy subjects (75% females, mean age 47.5G13.4 years) were included in the study for determining the normal limits of serum IGF1 concentrations; diseases (hypopituitarism, acromegaly, malnutrition, diabetes mellitus, renal or liver diseases, malignancy, or other endocrine diseases) as well as therapies (i.e. estrogens) known to affect serum IGF1 concentrations were carefully excluded by medical history, physical examination, or laboratory tests.
Patients with GH excess A total of 108 patients with active acromegaly (13, 14) (56% females, mean age 51.5G12.5 years) were used for evaluating the discriminatory power of the upper limits of normal range of IGF1.
Patients with suspected adult GHD A total of 302 consecutive patients with various pituitary diseases (Table 1) were evaluated for adult GHD (60% females, mean age 47.4G15.0 years) using the GHRH-Arg test (16) . Diagnosis of adult GHD was made according to the following methods:
Method 1: for patients with BMI !25 kg/m 2 , a peak of GH %11.5 mg/l; for BMI 25-30 kg/m 2 , a peak of GH %8 mg/l; and for BMI O30 kg/m 2 , a peak of GH %4.2 mg/l (7); these limits have been adopted by European, Japan, Australian Endocrine Societies, and American Association of Clinical Endocrinologists (2, 7, 17) . Method 2: a 4.1 mg/l peak GH cut-off limit without BMI correction, as adopted by the Endocrine Society (6, 9 , a peak of GH %1.0 mg/l. These cut-off limits were identified by Corneli et al. (17) to achieve a 95% diagnostic specificity.
Before testing for GHD, all patients were under stable replacement therapy with L-thyroxine (1.0-1.6 mg/kg per day), cortisone acetate (25-37.5 mg/day), intranasal desmopressin (5-20 mg/day), testosterone enanthate (250 mg i.m. every 28 days) in men, and transdermal or oral (nZ7 patients) estrogens associated with progesterone in premenopausal women, depending on hormonal status of each patient. Replacement hormone therapy was evaluated through clinical and laboratory tests every 6 months. No patient was treated with GH therapy before enrollment in the study nor received GH therapy during childhood. Patients with previous acromegaly, active Cushing's disease, diabetes mellitus, malignancy, and renal or hepatic dysfunction were not included in this study. Serum IGF1 concentrations of each patient under oral estrogen replacement therapy were individually evaluated before inclusion in a global statistical analysis; those with abnormal values (nZ1) were excluded from the analysis.
Number of pituitary hormone deficits
Patients screened for adult GHD with the GHRH-Arg test (nZ302) were also stratified keeping into account the number of pituitary hormone deficits except than for GH as follows: total (three deficits), partial (one to two deficits), or absent (0 deficit) hypopituitarism, in agreement with previous reports and with the GH Research Society consensus (1, 10, 18) . Classification of patients based on the extension of hypopituitarism is currently employed for identifying patients who are considered GHD (1, 10, 18) ; distinction of GHD patients from non-GHD patients was the basis for the creation of all peak GH cut-off limits, mostly of which derived from the analysis of receiver operating characteristic (ROC) curves (9, 10, 16, 17, 19) ; usually, for that analysis, two populations are necessary: normal subjects and GHD patients; the latter were invariably chosen among those with three (17) or sometimes with two pituitary hormone deficits (9) except GH. We followed those criteria and considered as GHD, patients with total hypopituitarism and as likely normal those without pituitary hormone deficit. However, it cannot be excluded a priori that a proportion of patients with three deficits were not GHD and that, on the contrary, a proportion of patients without pituitary hormone deficit was indeed GHD.
Assays
Blood samples were drawn in the morning (starting at 0800 h) on fasting conditions. All samples were collected and analyzed at the Department of Endocrinology at the University of Pisa. GH was measured by automated Advantage chemiluminescent GH assay (DiaSorin SpA, Saluggia, Italy) and IGF1 by an automated RIA (DIAsource ImmunoAssays S.A., Nivelles, Belgium), which included ethanol extraction. The sensitivity of GH assay was 0.05 mg/l; the intra-and inter-assay coefficients of variation were 4.1 and 7.3% respectively. The sensitivity of IGF1 assay was 7 mg/l; the intra-and inter-assay coefficients of variation were 4.7%, 2.1%, 1.9%, and 5.5, 4.1, and 4.9% for low, medium, and high points of the standard curve respectively. The assay was calibrated against the WHO International Reference Reagent (IRR) 87/518. Normal values for serum IGF1 were determined in this study ( Table 2 ). The GHRH-Arg (GHRH 1-29, (GEREF, Serono), 1 mg/kg i.v. at 0 min, arginine hydrochloride, 0.5 g/kg i.v. over 30 min from 0 to C30 min, up to a maximum of 30 g) was chosen because most peak GH cut-off limits have been obtained using this test (1, 2, 6, 7, 16, 20) and carried out as previously reported (16) . The peak GH was the highest value of serum GH over the 90 min period of the GHRH-Arg test.
Normal range for IGF1
A total of 849 normal subjects were divided in 5-year periods from 20 to 79 years. Normal limits of serum IGF1 were established using three different statistical methods, which gave similar results ( Table 2 ). The regression method was finally chosen for the absence of inconsistencies among the different age classes both for the lower and the upper limits. As expected, serum IGF1 concentrations progressively decreased with the age, with which were negatively correlated (rZK0.63, P!0.0001). There was a weak relation between IGF1 and BMI (rZK0.20, P!0.0001); however, BMI lack any relationship with IGF1 when adjusted for age (partial rZK0.03, PZ0.389); this effect was due to the relationship between age and BMI (rZ0.26, P!0.0001). The discriminatory capability of the upper limit of normal IGF1 levels to identify patients with active acromegaly was 100% (95% confidence interval (CI), 97-100).
Statistical analysis
Continuous variables were expressed as meanGS.D. Qualitative variable were expressed as percentage. The normal limits of serum IGF1, based on the healthy subjects, were computed for each age group using three Table 2 Normal range for IGF1 using different methods. Normal range for IGF1 was evaluated in 849 healthy subjects using three different methods: non-parametric (Non-par), parametric on log-transformed data (Par-log), and linear regression on logtransformed data (Reg). Specificity of normal range for IGF1 was set at 95% for either lower or upper limit. For linear regression method, 90% individual confidence intervals were computed for each age group using the midpoint of each age group as age value.
Normal range for IGF1
Non-par Par-log Reg
Age range (years) n 5.0th 95.0th Low Up Low Up 20-24  78  175  543  178  544  175  504  25-29  85  144  407  151  405  151  434  30-34  73  135  379  138  370  133  383  35-39  79  114  324  123  340  120  345  40-44  99  118  295  108  299  110  314  45-49  82  99  283  101  289  101  289  50-54  72  86  259  95  272  94  269  55-59  89  76  256  76  239  88  251  60-64  69  82  242  92  246  82  237  65-69  69  87  265  81  241  78  224  70-74  34  73  224  73  232  74  212  75-79  20  70  202  66  215  70  202 different statistical methods and 90% confidence limits, which correspond to a specificity of 95%. The three methods used were i) non-parametric method: 58 and 958 percentile; ii) parametric method on log-transformed IGF1: meanG1.645 S.D.; and iii) linear regression method on log-transformed data (both IGF1 and age). Through the linear regression equation, 90% individual CIs were computed for each age group using the midpoint of each age group as age value. The relationship between age and BMI and between BMI and log-transformed IGF1 was assessed by linear regression. The relationship between BMI and logtransformed IGF1 adjusted for age was assessed by multiple linear regression, partial r was also computed. 95% CI of a proportion was computed by ClopperPearson method.
The concordance between the two methods was expressed as global agreement, Kappa index, positive agreement (PA), and negative agreement (NA). The global agreement was calculated as rate between the sum of the number of subjects considered normal or abnormal from both the methods and the total number of subjects. The Kappa index is a global agreement adjusted for the chance ((observed global agreementK chance global agreement)/(1Kchance global agreement)). Landis and Koch have proposed the following as standards for strength of agreement for the kappa index: %0Zpoor, 0.01-0.20Zslight, 0.21-0.40Zfair, 0.41-0.60Zmoderate, 0.61-0.80Zsubstantial, and 0.81-1Zalmost perfect. PA and NA are the agreement relative to each rating category individually. With binary ratings, PA estimates the conditional probability, given that one of the raters, randomly selected, makes a positive rating (abnormal), the other rater will also do so. NA estimates the conditional probability, given that one of the raters, randomly selected, makes a negative rating (normal), the other rater will also do so (21). S.E.M. and 95% CI of PA and NA were computed by the Mackinnon's formulas (22) . A P value of !0.05 was considered significant. Statistical analysis was conducted with Stata version 10 and Stat-Xact version 4.
Results
Identifying patients with GHD on the basis of different peak GH cut-off limits Proportion of patients classified as GHD greatly differed, ranging from 190 (62.9%) to 75 (24.8%) out of 302 patients, when different peak GH cut-off limits (Table 1) were used. Pituitary diseases more frequently associated with GHD were tumors of the pituitary region, including pituitary adenomas, and pituitary hypoplasia (Table 1) . On the contrary, brain trauma and empty sella were less frequently associated with GHD, irrespective of peak GH cut-off limits.
The value of a single IGF1 measurement in identifying patients with adult GHD depends on the adopted peak GH cut-off limits 
Identifying patients with GHD on the basis of pituitary hormone deficit
Patients were stratified keeping into consideration the absence or the presence of one, two, or three pituitary hormone deficits, except than GH (Table 3) ; among patients with three deficits, 95.5% were diagnosed with GHD by Method 1 (with high sensitivity) and 62.7% Table 3 Identification of GH deficiency (GHD) among patients stratified on the basis of pituitary hormone deficits. Peak GH cut-off limits were as follows: Method 1: for patients with a body mass index (BMI) !25 kg/m 2 , a peak of GH %11.5 mg/l; for BMI 25-30 kg/m 2 , a peak GH %8 mg/l; for BMI O30 kg/m 2 , a peak GH %4.2 mg/l (7). Method 2: 4.1 mg/l without BMI correction (6). Method 3: %2.5 mg/l without BMI correction (10). Method 4: for patients with a BMI !25 kg/m 2 , a peak of GH %2.3 mg/l; for BMI 25-30 kg/m 2 , a peak GH %1.5 mg/l; for BMI O30 kg/m 2 , a peak GH %1.0 mg/l (17) . No. of abnormal: number of patients with peak GH below the cut-off limit of single method; for IGF1, number of patients with IGF1 below the lower normal limits for age. Proportion of patients classified as GHD progressively increased with the extension of hypopituitarism, regardless of the method used for the diagnosis (Table 3 ).
No. with abnormal levels (%)
Agreement between IGF1 and peak GH cut-off limits
Next, we evaluated how many patients with total, partial, or absent hypopituitarism and identified as GHD or normal by single peak GH cut-off limits were similarly identified as GHD or normal by a single IGF1 measurement.
In patients with total hypopituitarism, the agreement between IGF1 and Method 1 was high (global agreementZ87%; PAZ92% and NAZ40%), being 86 and 100% for those identified as GHD or normal respectively by Method 1. On the contrary, in patients without pituitary hormone deficit, the agreement between Method 1 and IGF1 was low (global agreementZ72%; PAZ50% and NAZ81%), being 98% for subjects classifies as normal and only 35% for those identified as GHD respectively by Method 1 (Table 4) .
Agreement between IGF1 and Method 4 followed an opposite way, being high in subjects without pituitary hormone deficit (global agreementZ85%; PAZ21% and NAZ92%) and low in patients with total hypopituitarism (global agreementZ69%; PAZ78% and NAZ43%). The agreement between IGF1 and Method 2 or Method 3 was intermediate in patients with total hypopituitarism (global agreementZ87 and 76% respectively) and in those without pituitary hormone deficit (global agreementZ81 and 83% respectively) ( Table 4) .
The agreement between IGF1 and any method in patients with partial hypopituitarism was similar and lower than that observed in patients with total hypopituitarism or those without pituitary hormone defects: global agreement was 54, 56, 62, and 60% for Methods 1, 2, 3, and 4 respectively ( Table 4 ). The impact of specific pituitary disease on GHD is shown in Table 5 .
Patients considered GHD on the basis of IGF1 according to hypopituitarism extension
Patients with three pituitary hormone deficits Among the patients with total hypopituitarism (nZ67), 55 had low IGF1 levels: 100 and 98.2% were also identified as GHD by Method 1 and Method 2 Table 4 Agreement between different peak GH cut-off limits and IGF1 in identifying patients with GH deficiency (GHD) stratified on the extension of hypopituitarism. Figures within parentheses indicate values at 95% CI. The global agreement (GA) was calculated as rate between the sum of the number of subjects considered normal or abnormal from both methods and the total number of subjects. The Kappa index (K) is a GA adjusted for the chance; positive agreement (PA) and negative agreement (NA) are the agreement relative to each rating category individually (see Subjects and methods for details). (Table 4) .
No. of deficits Peak GH cut-off limits
Patients without hormone deficits Among the patients without pituitary hormone deficit (nZ155), 131 (84.5%) had normal serum IGF1 levels; Method 4 (with high specificity) identified 98.5% of these subjects as normal, whereas Method 1 (with high sensitivity) only 68.7% and Method 2 82.4%. Among the 24 patients (15.5%) with abnormal IGF1 levels, only three (12.5%) were considered abnormal by Method 4 also (Table 4) .
Patients with one or two pituitary hormone deficits
Of the 80 patients, 32 (40%) with partial pituitary hormone deficit had low IGF1 levels, 90.6 or 81.2% of whom were identified as GHD by Method 1 or Method 2 respectively. Among the remaining 48 patients who had normal IGF1, 14 (29.2%) were considered GHD by Method 4, 29 (60.4%) by Method 2, and 34 (70.8%) by Method 1 (Table 4) .
IGF1 combined to different peak GH cut-off limits for identifying GHD patients in a different clinical context
When IGF1 was used for identifying normal subjects among those without pituitary hormone deficits and Method 4 was then applied to confirm subjects with abnormal IGF1, 152 (98.1%) out of 155 patients were classified as normal (Table 4) . When IGF1 was used for identifying GHD among patients with three pituitary hormone deficits and Method 1 or Method 2 was applied to subjects with normal IGF1, 63 (94%) or 64 (95.5%) out of 67 patients were classified as GHD (Table 4) .
When IGF1 was used for identifying GHD among patients with one or two pituitary hormone deficits and Method 1, Method 2, or Method 4 was applied to subjects with normal IGF1, 66 (82.5%), 61 (76.2%), or 46 (57%) out of 80 patients were classified as GHD in this context (Table 4) .
Discussion
Current diagnosis of adult GHD is based on the evidence of impaired GH secretion (1, 2, 5-7) after appropriate stimulation. Although GHRH-Arg is the most used test (1, 2, 5-7, 16, 20) , peak GH cut-off limits adopted by Medical Societies are different (5-7, 11, 12, 17) . The practical consequence is that patients may be classified as either healthy or GHD by different cut-offs. This issue has been clearly pointed out in this study: in fact, proportion of GHD patients ranged from 24.8 to 62.9% depending on the peak GH cut-off limits (Table 1) . A question arising is why are cut-off limits different and how are they were obtained. Authors have used two different populations for identifying peak GH cut-off limits: normal and diseased subjects; the former were identified as healthy subjects without pituitary disease and the latter as pituitary patients with two (9) or three (17) pituitary hormone deficits; the fact that no other method is currently available to ascertain diseased subjects other than the presence of other pituitary hormone deficits carries a risk of misclassification. As a matter of fact, the range of peak GH of healthy subjects and that of GHD patients partially overlapped in some studies (17) , leading to cut-off limits with divergent sensitivity and specificity. This is likely the reason why the different methods adopted worldwide and analyzed in this study differently classified the same subjects. Thus, Method 1 (and similar methods with high sensitivity) has the great potential of not missing GHD patients, however with a considerable risk of classifying a proportion of normal subjects (up to 25% of GH-sufficient individuals when Method 1 is employed (17)) with GHD; this concept was further reinforced when Method 4, the cut-off limits of which were established using the same patients and the same peak GH values utilized for defining Method 1, was employed; Method 4 showed a low sensitivity in identifying GHD among patients with three pituitary hormone deficits, whereas it classified as normal in 96.8% subjects without pituitary hormone deficits. The logical consequence of these results is that Method 1 is more suitable for identifying GHD among patients at high risk (i.e. with pituitary hormone deficits), whereas Method 4 is for identifying normal subjects among those at low risk (i.e. without pituitary hormone deficits). Cut-off limits with high specificity, avoiding lifelong GH therapy in most healthy subjects, are likely preferable, when a single test should be used. However, high-specificity methods identified a proportion of diseased patients among those without pituitary hormone deficits, thus supporting the existence of isolated GHD, although in a small subset of patients (Table 3) . Following this view, IGF1 correctly identified 84.5% of normal subjects among those without pituitary hormone deficits and 82% GHD among those with three pituitary hormone deficits.
It is interesting to note that in order to reduce misclassification of healthy subjects to 5% (thus having 95% specificity), Corneli et al. (17) and Biller et al. (9) , found similar cut-off points, although using different study populations: from %1 to %2.3 mg/l depending on BMI and %1.5 mg/l respectively. Unfortunately, these cut-offs have poor sensitivity (on average 70%), thus missing many GHD patients among those with total hypopituitarism. Taken together, these data suggest that the context in which the cut-offs are used is crucial, providing further evidence that the initial definition of healthy and diseased subjects does influence specificity and sensitivity of cut-off limits.
However, data from this study also throws novel light on IGF1, which has a sensitivity-specificity pair O80%, when used in an appropriate clinical context. First of all, we defined normative values for IGF1 with 95% specificity in a large series of healthy subjects; this allowed a strict definition of diseased subjects with serum IGF1 below the normal value for age. The fact that 82% of patients with total hypopituitarism had serum IGF1 below the normal range for age clearly indicates that measurement of IGF1 in this context is a good indicator of GHD, in keeping with previous reports (10, (23) (24) (25) (26) (27) ; moreover, our findings overtake any specific cut-off point and extend the concept that IGF1 below strictly defined normative range for age identified most GHD patients when applied in the appropriate clinical context. However, several points, including local specific cut-offs, should be taken into consideration for IGF1 measurements, as recently outlined (28) . International guidelines for the determination of IGF1, from blood collection to data analysis, including utilization of the novel WHO IRR 02/254, will probably help achieve uniform IGF1 determinations.
IGF1 and peak GH had a high agreement in identifying GHD patients among subjects with total hypopituitarism and normal subjects among those without pituitary hormone deficits ( Table 4 ). The highest disagreement was observed among subjects without pituitary hormone deficits (Method 1) or with total hypopituitarism (Method 4), owing to the specific feature of the methods (high sensitivity or high specificity, for Methods 1 and 4 respectively).
We suggest using IGF1 to identify normal subjects among those without pituitary hormone deficits; in this case, the remaining patients with abnormal IGF1 (14.5% of the present series) should be tested using Method 4. Likewise, IGF1 can be used for identifying patients with GHD among those with three pituitary hormone deficits; using this algorithm, the remaining patients with normal IGF1 (17% of the present series) and high GHD risk (owing to the presence of three pituitary hormone deficits) should be submitted to a stimulatory test and evaluated using a method with high sensitivity (Method 1 or 2) . Using this algorithm, only 36 (16%) patients among the 222 with three or without pituitary hormone deficits would undergo the GHRH-Arg stimulatory test (Fig. 1) .
More complex is the analysis of patients with partial hypopituitarism; IGF1 can be used for identifying GHD patients (40% of the present series); the remaining patients (60% of the present series) with normal IGF1 (and one or two pituitary hormone deficits) should be evaluated using a stimulatory test; however, which cutoff limits should be adopted cannot be inferred from the present analysis; among 48 subjects, 34 (70.8%) or 29 (60.4%) were considered GHD by Method 1 or 2 respectively and only 14 (29%) by Method 4.
In conclusion, our analysis suggests that the use of single cut-off limits carries a relevant risk of misclassification of subjects screened for GHD; which cut-off limit should be used depends mainly on the clinical context; IGF1, when appropriate normative agecorrected limits are available, may be used for the first screening, avoiding a stimulatory test in most healthy or diseased subjects.
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